Antibiotic use has led to increased resistance to certain group markers: penicillin, erythromycin and ciprofloxacin for β-lactams, macrolides and quinolones, respectively. The influence of resistance to markers in decreasing susceptibility to the drugs included (on the basis of chemical structure) in the corresponding antibiotic group can be defined as 'resistance class effect'. In the case of macrolides, this effect is dependent on the prevalent resistant phenotype among the isolates of the target bacteria: the class effect exists completely if the mechanism of resistance is constitutive MLS B (all macrolides are affected by resistance to erythromycin), and only partially if the mechanism is the efflux M phenotype (all but 16-membered macrolides are affected). In Spain, the first case is exemplified by Streptococcus pneumoniae and the second by Streptococcus pyogenes. For β-lactams and quinolones, resistance to the group markers results in large decreases in the antimicrobial activity of the less potent members of the group, penicillin being a better driver of resistance for oral cephalosporins than for aminopenicillins, and ciprofloxacin being a better driver for older rather than for the newer quinolones, which have enhanced anti-pneumococcal activity. Empirical prescription guidelines based on the pharmacoepidemiology of resistance, recommending the use of potent drugs that are less influenced by resistance to the marker, may help to counter the spread of resistance in the community.
Introduction
Resistance is associated with the use of antimicrobial agents. 1, 2 This is clearly evident in community-acquired respiratory tract infections (RTIs), where the development and dissemination of resistance have been related to consumption. [3] [4] [5] Since ∼90% of antibiotic use is in the community and 80% of this for the treatment of RTIs, 6 antibiotic treatment of community-acquired RTIs may be the leading cause of the resistance problem. Two of the most prevalent bacterial species isolated from RTIs present problems with respect to susceptibility: Streptococcus pneumoniae in relation to β-lactams, macrolides and quinolones; and Streptococcus pyogenes in relation to macrolides, to an increasing extent.
This widely recognized problem 7 has posed difficulties, particularly with respect to the treatment of RTI, because of the need to select appropriate treatment empirically. Infecting organisms, if isolated, are categorized as susceptible or resistant up to several days after treatment has been initiated. So, despite the fact that prudent antimicrobial prescribing in the community may help to prevent the relentless increase in resistance, 7 the term 'prudent' has to be used generally (from a population perspective) without the knowledge of the likely effectiveness of the antibiotic being used for a specific patient. In other words, empirical treatment is based mainly on epidemiological data.
Prescribing in primary care is influenced by several factors influencing appropriate antibiotic use by general practitioners. 7 Guidelines based on treatment costs and clinical outcomes have probably had little effect on the emergence 8 and spread of resistance. Therefore, alternative guidelines could be based on the bacterial (resistance) and drug (antimicrobial effects against bacteria) factors that might counter resistance, since there is increasing evidence confirming that maximal reduction of the bacterial load (and in the end, bacterial eradication) should be the primary goal of antibiotic therapy. 8,9
Markers of resistance
The antibiotics most frequently prescribed in communityacquired RTI are from three major groups: β-lactams, macrolides and quinolones. Among β-lactams, aminopenicillins are used more than oral cephalosporins 4,5 and recently long halflife macrolides have been used more frequently in Spain than those given more than twice a day. [3] [4] [5] The use of quinolones for the treatment of RTI is also increasing. 10 Most studies of resistance use the term 'resistance' with respect to the susceptibility to penicillin, erythromycin and ciprofloxacin. For this reason, it can be inferred that resistance to these antibiotics is generally considered as a marker for resistance to β-lactams, macrolides and quinolones, respectively. Because those antibiotics with lower intrinsic activity (oral cephalosporins versus aminopenicillins) or that reach lower concentrations in blood or tissue (longer selective windows of resistance) 12,13 have a greater responsibility in causing resistance to antibiotic markers (their consumption has greater influence on the emergence, maintenance and spread of resistance in the general population), 3-5 then the critical question is whether a decrease in susceptibility to the antibiotic marker implies a decrease in the antimicrobial activity of the drugs included in the corresponding group. The resistance class effect can be defined as an affirmative answer to this question, in that a decrease in susceptibility to the antibiotic marker affects equally all compounds in the antibiotic class. This concept is needed because, in terms of resistance, it does not seem logical to group drugs with different microbiological, pharmacokinetic and pharmacodynamic properties (and thus with different capabilities of resistance selection) only on the basis of their similar chemical structure. 14 Moreover, the problem should be analysed by combining bacterial species with specific antibiotics, since the class effect may occur for some antibiotic groups but not for others, or within an antibiotic group for some bacterial species but not for others.
Resistance to β-lactams: a class effect?

Does an increase in penicillin MIC affect to a similar extent the activity of all β-lactams against S. pneumoniae and S. pyogenes?
Following NCCLS guidelines, 15 penicillin is a good marker of resistance with respect to the susceptibility of S. pyogenes to β-lactams: an isolate susceptible to penicillin should be considered susceptible to all β-lactams. In this case, the use of β-lactams has not resulted in the appearance of in vitro resistance in S. pyogenes, 16 probably due to the absence of selectable variants carrying mechanisms of resistance to β-lactams in this bacterial species. 3 One hundred per cent of S. pyogenes isolates remain susceptible to penicillin and thus to all β-lactams.
With respect to S. pneumoniae, the latest surveillance carried out in Spain (1684 isolates) showed a prevalence of highly resistant strains of 5% for aminopenicillins, 7% for cefotaxime, 22% for penicillin, 31% for cefuroxime and 42% for cefaclor. 17 While resistance to aminopenicillins (intermediate or high) is only clustered in the 22% of strains showing high resistance to penicillin (resistance among strains susceptible or intermediately resistant to penicillin being practically absent), high rates (>35%) of high-level resistance were obtained for oral cephalosporins among penicillinintermediate and -resistant strains. Resistance to cefotaxime (mostly intermediate) was clustered at lower rates in strains showing intermediate resistance to penicillin but at high rates amongst the highly penicillin-resistant strains, although breakpoints to third generation cephalosporins (which have proved useful for penicillin-resistant strains in communityacquired pneumonia) 18 may be too low for the prediction of efficacy in RTI. 17 Differences in activity between β-lactams have also been found in other surveillance studies. [19] [20] [21] In terms of the differential activity of β-lactams for S. pneumoniae, several groups are proposed. The first group would include those compounds with higher activity than penicillin, such as amoxicillin, co-amoxiclav and cefotaxime. The second group would include those antibiotics with slightly higher activity than penicillin, such as cefuroxime. The third group would be those antibiotics with lower activity than penicillin, such as cefixime or cefaclor.
Therefore, in relation to in vitro bacteriostatic activity, penicillin resistance is a good marker of resistance to oral cephalosporins, but not to aminopenicillins. This has an analogy in studies investigating the influence of the increase in penicillin MIC on the bactericidal activity of several β-lactams, where aminopenicillins were affected to a lesser extent than oral cephalosporins in in vitro experiments [22] [23] [24] and to a similar extent to parenteral cephalosporins in ex vivo experiments. 25 Again, in terms of in vivo efficacy, the effect that the increase in the penicillin MIC had on the efficacy of β-lactams was not uniform, being lower for amoxicillin versus oral cephalosporins in sepsis 26,27 and otitis 28,29 animal models. Higher in vivo bactericidal activity of amoxicillin was demonstrated in an animal sepsis model where amoxicillin showed greater clearance of bacteraemia (and thus, an increase in survival rates) than cefotaxime against a serotype 6 penicillin-resistant strain (with MICs of 2 and 4 mg/L cefotaxime and amoxicillin, respectively). 30 Limited documentation on therapeutic failures in patients with adequate doses of β-lactams in pneumococcal RTI, 31 and the in vivo experience in animal models suggest that penicillin resistance is not a good marker of β-lactam resistance when prediction of therapeutic efficacy is needed.
Macrolides: a class effect?
Does the increase in erythromycin MIC affect to a similar extent the activity of all macrolides against S. pneumoniae and S. pyogenes?
In this case, the response depends on the mechanism of resistance exhibited by the target bacteria. Two main mechanisms of resistance are exhibited by the two most prevalent Grampositive cocci in community-acquired RTI: S. pneumoniae and S. pyogenes. One mechanism depends on target modification and is the constitutive MLS B phenotype, which determines high-level and cross-resistance to 14-, 15-and 16-membered macrolides, lincosamides, clindamycin and streptogramin B. 32 The other mechanism depends on the efflux of drugs and is the M phenotype, which confers lowlevel resistance to 14-and 15-membered macrolides, while not affecting 16-membered macrolides (espiramycin and josamycin), lincosamides, streptogramins or ketolides, which remain fully active. 32,33 Therefore, the problem should be analysed by geographical area, since erythromycin is a good marker of resistance to macrolides in areas where the prevalent mechanism of resistance is the constitutive MLS B phenotype, but not in areas where the prevalent mechanism of resistance is the M efflux phenotype, since strains carrying this type of resistance mechanism are susceptible to 16-membered macrolides.
In Spain, the prevalence of resistance to erythromycin is ∼35% in S. pneumoniae and ∼20% in S. pyogenes. 17 While ∼90% of S. pneumoniae resistant to erythromycin exhibit the constitutive MLS B resistance phenotype, 90% of S. pyogenes resistant to erythromycin exhibit the M efflux phenotype. 17 Since both mechanisms of erythromycin resistance imply resistance to 14-and 15-membered macrolides, erythromycin is a good marker of resistance to clarithromycin and azithromycin in both species. Thus, when 16-membered macrolides are also considered, erythromycin is only a good marker of resistance for the whole antibiotic group in S. pneumoniae but not in S. pyogenes .
The local prevalence of mechanisms of resistance is critical for macrolide prescribing since the very high MIC 90 (≥64 mg/L) 17 obtained with the constitutive MLS B mechanism demands strategies using larger doses that might exceed those concentrations. In any case, the MIC 90 (8 mg/L) 17 of erythromycin, clarithromycin and azithromycin for strains with the efflux M mechanism cannot be exceeded by standard oral doses of these antibiotics.
The level of resistance is reflected therapeutically, and clinical failures have been described 34, 35 with macrolides in bacteraemic respiratory infections caused by S. pneumoniae with the constitutive MLS B phenotype prevalent in Spain. Thus, in this country, erythromycin resistance is a marker of the therapeutic outcome of clarithromycin and azithromycin treatments for infections caused by S. pneumoniae. There appears little doubt that macrolide resistance correlates directly with clinical failure and that guidelines should exclude macrolides in areas of rising resistance prevalence. 8
Quinolones: a class effect?
Does the increase in ciprofloxacin MIC affect to a similar extent the activity of all quinolones against S. pneumoniae?
Resistance rates to quinolones in respiratory pathogens are relatively low, 10,36 but the current wide use of quinolones could cause future problems of resistance. The new fluoroquinolones show an activity greater than that of ciprofloxacin. 37, 38 The use of quinolones has been related to ciprofloxacin resistance, 11 but logically it has to be attributed to older quinolones, since the new ones, with enhanced antipneumococcal activity, were not marketed.
In Spain, the prevalence of ciprofloxacin resistance is ∼6% for high-level resistance (MIC ≥ 4 mg/L) and 22% for an MIC ≥ 2 mg/L. 10 While new quinolones exhibit high activity against S. pneumoniae 39 susceptible to ciprofloxacin (MIC ≤ 2 mg/L), an increase in the MICs of all quinolones occurs for ciprofloxacin-resistant strains (MIC ≥ 4 mg/L). Nevertheless, this increase is not equal for all drugs, being lower for gemifloxacin than for trovafloxacin, 40 clinafloxacin and moxifloxacin (MICs < 0.25 mg/L of all of them for ciprofloxacin-susceptible strains compared with MIC 90 of 0.5, 1, 4 and 8 mg/L of gemifloxacin, clinafloxacin, moxifloxacin and trovafloxacin, respectively, for strains with ciprofloxacin MIC ≥ 8 mg/L). 41 In terms of percentages of resistance to the new quinolones, the increase in ciprofloxacin MIC 41 did not affect gemifloxacin (since the MIC 90 remained constantly equal to or lower than the proposed 0.5 mg/L breakpoint 42 ) or clinafloxacin (MIC 90 remained <1 mg/L), while it affected moxifloxacin and trovafloxacin [MIC 90 higher than the NCCLS susceptibility breakpoints (≤1 mg/L) 15 ]. As expected, an increase in the MIC of ciprofloxacin influenced to a higher degree resistance to the older quinolones such as ofloxacin, grepafloxacin and sparfloxacin. 41 In a different study, gemifloxacin was also the quinolone least affected by both a decrease in in vitro susceptibility to ciprofloxacin and the presence of human serum. 43 These effects on in vitro bacteriostatic activity were also found when in vitro bactericidal activity was assessed in the presence of human serum in a study with concentrations similar to peak and trough serum concentrations in humans after standard doses of ciprofloxacin, gemifloxacin and trovafloxacin. 44 At peak concentrations, gemifloxacin decreased by ∼99.9% the initial inocula of four strains exhibiting ciprofloxacin MICs ranging from 0.5 to 16 mg/L, and showed significant bactericidal activity at trough concentrations, thus theoretically preventing regrowth over the dosing interval. 44 Ciprofloxacin and trovafloxacin did not obtain a reduction for any of the four strains tested. 44 This lesser effect on gemifloxacin was also corroborated in a Phase I study demonstrating that the ex vivo bactericidal activity of gemifloxacin was less influenced than that of trovafloxacin by the decrease in ciprofloxacin MIC exhibited by the strains tested. 45 In animal models, the gemifloxacin AUC:MIC ratios producing a 2 log kill over 24 h (a parameter related to survival) were similar against ciprofloxacin-susceptible and -resistant strains, 46 using an AUC similar to that obtained in humans.
In the clinical setting, therapeutic failures have been described with older quinolones, 47 including levofloxacin, 48 but the intrinsic activity of new fluoroquinolones may counter the risk derived from the increased prevalence of ciprofloxacin resistance. 14 In conclusion, the class effect in the quinolone group is similar to that of β-lactams: the group marker of resistance is a better determinant of resistance for the compounds with lower intrinsic activity than for the more potent ones, i.e. ciprofloxacin is a good predictor of resistance for older quinolones but not for the very new ones.
Conclusions
Resistance is a global problem among the most prevalent respiratory isolates. In areas with a high prevalence of resistance to macrolides in S. pyogenes, there is a high prevalence of resistance to macrolides in S. pneumoniae. 17 Areas with a high prevalence of resistance to macrolides in S. pneumoniae are also associated with resistance to penicillin. 17 In addition, ciprofloxacin resistance is clustered in strains with erythromycin resistance and with penicillin non-susceptibility. 10, 17 From this situation, it can be concluded that resistance is a global problem with a geographical basis in RTIs. Because of this, empirical treatments aimed at decreasing the bacterial load in infected patients to avoid the spread of clonal resistant strains should be based on local data on prevalence of resistance and of resistance phenotypes.
Due to the clustering of resistance to different markers in the same clones, success in the fight against penicillin resistance implies a decrease in erythromycin resistance and ciprofloxacin resistance in S. pneumoniae. In Spain, macrolides are not able to overcome the overall problem of resistance since resistance to erythromycin exerts a class effect over all macrolides in S. pneumoniae and a partial class effect (only to 14-and 15-membered macrolides) in S. pyogenes due to the prevalence of the respective resistance phenotypes. For this reason, the most active oral β-lactams (aminopenicillins) are, among the currently available antibiotics, a good option for empirical treatment of infants and adults in the community, and could also counter the spread of penicillin resistance. New quinolones are also an option provided they are not influenced in the future by the increase in resistance to the group marker.
In conclusion, bacterial and antibiotic factors should be considered when selecting an empirical treatment for community-acquired RTI by using the most suitable antibiotic class (as defined by epidemiological data) and within it, the most potent antibiotic that is least affected by a decrease in susceptibility to the group marker.
